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HIGHLIGHTS 


•  Effect  of  pressure  on  the  heat  requirements  of  biomass  pyrolysis  were  investigated. 

•  An  increase  in  the  operating  pressure  reduces  the  heat  requirements  of  the  pyrolysis  process. 

•  Heat  of  pyrolysis  process  may  shift  from  endothermic  to  exothermic  at  higher  pressures. 

•  The  heat  of  reaction  as  a  function  of  pressure  was  shown  to  fit  a  Langmuir  adsorption  curve. 

•  A  strong  correlation  was  found  between  the  final  char  yield  and  the  overall  reaction  heat. 
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Pyrolysis  may  be  a  first  step  in  biomass  to  biofuels  conversion  processes.  The  present  study  investigated 
the  influence  of  pressure  on  the  thermal  effects  associated  to  biomass  pyrolysis.  Four  energy  crops  were 
selected  for  experimental  characterization:  corn  stalks,  poplar,  switchgrass  Alamo  and  switchgrass  Trail- 
blazer.  The  heat  demand  of  the  pyrolysis  process  was  measured  by  differential  scanning  calorimetry  at 
pressures  ranging  from  0.1  to  4  MPa,  using  a  specifically  developed  experimental  configuration.  An 
increase  of  the  operating  pressure  resulted  in  a  lower  heat  demand  and  in  an  increase  in  the  final  char 
yield.  The  results  obtained  suggest  the  presence  of  a  competitive  mechanism  between  the  endothermic 
reactions  of  the  primary  decomposition  process,  leading  to  the  formation  of  volatiles,  and  the  exothermic 
vapor-solid  interactions,  leading  to  secondary  char  formation. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  continuous  increase  in  the  concentration  of  carbon  dioxide 
in  the  atmosphere  is  calling  for  the  exploitation  of  renewable  and 
carbon-neutral  energy  sources  [1  .  As  a  consequence,  important 
resources  were  dedicated  world-wide  to  the  development  of  pro¬ 
cesses  for  the  recovery  of  energy  from  non-conventional  fuels 
[2,3  .  Biomass  is  expected  to  extend  its  role  as  a  carbon-neutral 
energy  source  in  the  future  energy  scenarios,  as  a  consequence  of 
the  adoption  of  policies  aiming  at  fuel  diversification  and  at  the 
reduction  of  fossil  fuel  dependence  [4]:  e.g.  European  Union  Direc¬ 
tive  2009/28/EC  [5-7]  provides  legally  binding  targets  for  the  share 
of  energy  from  renewable  sources  in  the  Member  States  for  the 
year  2020. 

Pyrolysis  conversion  processes  are  an  important  technological 
option  for  biofuel  production  and  energy  recovery  from  biomass 
and  wastes  [2,8,9].  Pyrolysis  is  also  a  first  step  in  gasification  and 
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in  other  thermochemical  conversion  processes  for  the  exploitation 
of  energy  from  biomass  [  1 0,1 1  .  Thus,  the  investigation  of  the  influ¬ 
ence  of  operating  conditions  on  the  outcomes  of  the  thermal  con¬ 
version  of  biomass  feedstock  in  pyrolysis  processes  is  an  important 
element  to  enhance  the  design  and  the  optimization  of  new  bio¬ 
mass  to  energy  processes. 

High  pressure  reactors  for  biomass  conversion  may  have  several 
potential  advantages,  as  higher  yields  of  valuable  products,  higher 
throughput,  lower  compression  costs  of  product  gases,  increased 
reaction  rates  [12,13].  However,  the  design  of  high  pressure  gasifi¬ 
cation  and  pyrolysis  processes  needs  to  gather  detailed  data  on  the 
effects  of  operating  pressure  on  the  product  yields  and  on  the  ther¬ 
mal  effects  during  biomass  conversion. 

Limited  experimental  data  are  available  on  the  influence  of 
pressure  on  the  distribution  of  pyrolysis  products  and  on  the  heat 
demand  of  the  process.  In  1983  Mok  and  Antal  [12  ,  using  a  tubular 
flow  reactor  embedded  in  a  differential  scanning  calorimeter, 
report  an  increase  in  the  yield  of  char  from  cellulose  from  12%  to 
22%  when  the  operating  pressure  is  increased  from  0.1  to 
2.5  MPa.  Blackadder  and  Rensfelt  [13  report  that  char  yield  from 
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cellulose  pyrolysis  increases  from  6%  at  0.1  MPa  to  15%  at  4  MPa  in 
a  pressurized  thermogravimetric  analyzer  (TG).  The  same  authors 
report  that  the  char  yield  from  wood  pyrolysis  increased  from 
21%  to  28%  over  the  same  pressure  range.  Richard  and  Antal  [14] 
report  an  increase  in  the  char  yield  from  cellulose  from  19%  to 
41%  when  pressure  is  increased  from  0.1  to  2.0  MPa.  In  contrast, 
Kandiyoti  and  co-workers  [15]  report  a  limited  influence  of  operat¬ 
ing  pressure  on  the  char  yields  from  Eucalyptus  sawdust  pyrolysis 
in  a  hot-rod  reactor  where  the  volatiles  were  quickly  removed 
from  the  reaction  zone. 

Available  data  concerning  the  influence  of  operating  pressure 
on  the  thermal  effects  of  the  pyrolysis  process  are  even  more  lim¬ 
ited.  Mok  and  Antal  [16]  report  that  during  the  pyrolysis  of  cellu¬ 
lose  the  increase  of  the  operating  pressure  reduces  the  required 
heat  of  reaction,  increases  the  yield  of  char  and  of  C02,  and  reduces 
the  yields  of  CO  and  of  all  hydrocarbons  formed  in  the  process. 
Several  other  studies  evidence  a  relation  among  secondary 
reactions  of  volatiles  and  the  overall  heat  demand  of  the  pyrolysis 
process  even  at  atmospheric  pressure  [17-22]. 

The  present  study  is  focused  on  the  influence  of  pressure  on  the 
heat  of  pyrolysis  of  four  lignocellulosic  biomass  crops.  Experimen¬ 
tal  runs  were  carried  out  using  a  high-pressure  differential  scan¬ 
ning  calorimetry  (DSC).  A  specific  gas  flow  rate  control  system 
was  developed  to  allow  the  use  of  constant  purge  gas  flow  condi¬ 
tions  in  experimental  runs. 

2.  Experimental 

2.2.  Materials 

Four  biomass  samples  were  used  in  experimental  runs:  corn 
stalks,  poplar,  switchgrass  “Alamo”  and  switchgrass  “Trailblazer”. 
The  biomass  feedstock  was  provided  by  the  Department  of  Agro- 
Environmental  Science  and  Technology  of  the  University  of  Bolo¬ 
gna  (Italy).  The  material  was  farmed  and  harvested  in  Ozzano 
and  Cadriano  (Bologna,  Italy),  dried  overnight  (15  h  at  105  °C) 
and  ground  up  to  a  particle  size  lower  than  1  mm.  Table  1  reports 
the  proximate  analysis  of  the  biomass  samples,  both  on  “as 
received”  and  on  dry  basis. 

Samples  for  TG  and  DSC  runs  were  obtained  pressing  and 
punching  the  biomass  particles  to  compact  discs  (about  5  mm 
diameter  and  0.4-0.7  mm  height  depending  on  the  desired  sample 
weight)  that  fitted  the  crucibles  used  in  DSC  analysis. 

2.2.  Experimental  techniques  and  procedures 

Thermogravimetric  (TG)  experimental  data  at  atmospheric 
pressure  were  obtained  using  a  TA  Instruments-Waters  (USA) 
TGA-Q500  device.  Samples  used  in  TG  runs  were  previously  dried 
at  105  °C  under  a  nitrogen  flux  of  60  ml/min  for  10  min.  Constant 
heating  rate  runs  were  carried  out  on  the  dry  samples  using  a  pure 
nitrogen  purge  gas  flow  rate  of  60  ml/min,  a  heating  rate  of 
10°C/min  and  a  final  temperature  of  950  °C.  The  purge  gas  was 
then  switched  to  air  (60  ml/min  for  10  min)  in  order  to  allow 
detecting  the  ash  content  of  the  sample.  The  TG  data  reported  in 


the  following  were  calculated  as  the  mean  of  at  least  3  experimen¬ 
tal  runs.  Differences  in  weight  loss  with  respect  to  temperature  in 
different  runs  were  less  than  2%. 

Differential  scanning  calorimetry  (DSC)  data  were  obtained 
using  a  DSC-Q2000  for  atmospheric  runs  and  a  DSC  Q20P  for  runs 
under  pressure.  Both  DSC  devices  were  supplied  by  TA  Instruments 
(USA).  In  the  DSC-Q2000  atmospheric  tests,  typical  sample  weights 
between  3  and  13  mg  and  aluminum  crucibles  (d  =  5.1  mm)  were 
used.  The  sample  cell  was  conditioned  by  a  constant  nitrogen 
purge  flow  (50  ml/min)  at  atmospheric  pressure.  Baseline  calibra¬ 
tion  of  the  DSC  signal  was  obtained  by  constant  heating  rate  runs 
on  the  empty  cell  and  on  two  95  mg  sapphire  samples  to  deter¬ 
mine  the  thermal  resistance  and  heat  capacity  of  the  reference 
and  sample  sensor.  Heat  flow  and  temperature  calibration  were 
obtained  by  constant  heating  rate  runs  carried  out  on  known  stan¬ 
dards  (indium  and  lead).  More  details  on  the  DSC  calibration  pro¬ 
cedures  are  available  in  the  literature  12,16]. 

Runs  under  pressure  were  carried  out  in  the  DSC-Q20P  device 
using  typical  sample  weights  of  about  8  mg.  A  specific  gas  circuit 
was  built  to  allow  DSC  runs  under  pressure  in  the  presence  of  a 
constant  purge  gas  flow.  Fig.  1  shows  the  experimental  set-up.  A 
control  loop  was  realized  to  pressurize  the  test  cell  up  to  the 
selected  operating  pressure  and  to  keep  a  constant  pressure  and 
a  constant  purge  gas  flow  during  the  test.  An  EL-PRESS  P-702CV 
pressure  controller  and  an  EL-FLOW  F-201CV  mass  flow  controller, 
both  by  Bronkhorst  (The  Netherlands)  were  used  for  pressure  and 
gas  flow  control.  The  same  procedures  used  for  the  DSC  Q2000 
were  applied  for  baseline,  heat  flow  and  temperature  calibration 
of  the  DSCQ20P.  Pressure  calibration  was  based  on  the  comparison 
of  pressure  values  from  the  instrument  with  those  from  an  exter¬ 
nal  pressure  gauge.  Further  details  on  DSC  calibration  procedures 
are  reported  in  the  literature  [12,16  . 

In  all  experimental  runs,  the  inlet  nitrogen  flow  rate  was  fixed 
to  0.050  Nl/min,  corresponding  to  an  outlet  flow  rate  of  50  ml/ 
min,  in  order  to  obtain  a  constant  heat  capacity  of  the  gas  flow  dur¬ 
ing  experimental  runs.  Runs  were  carried  out  at  the  following 
operating  pressures:  0.1,  0.5,  1,  2,  and  4  MPa.  Gas  residence  time 
in  the  DSC  is  affected  by  temperature  and  pressure,  but  was  always 
comprised  between  about  0.1  and  0.9  s,  well  below  the  time  scale 
of  DSC  measurements. 

The  DSC  runs  were  performed  using  5  mm  diameter  aluminum 
crucibles.  The  crucibles  were  used  without  lid  to  maximize  mass 
transfer  and  ease  the  separation  of  volatiles  from  the  solid  sub¬ 
strate.  Samples  used  in  DSC  runs  were  previously  dried  at  105  °C 
under  a  nitrogen  flux  of  60  ml/min  for  10  min.  All  DSC  runs  were 
started  at  105  °C.  A  constant  heating  rate  of  10  °C/min,  was  used 
up  to  the  final  temperature,  set  at  550  °C.  At  the  end  of  each  run, 
the  furnace  was  cooled  down  to  30  °C  under  nitrogen  purge  gas 
flow  and  a  second  run  was  performed  on  the  char  sample  using 
the  same  temperature-time  program.  At  the  end  of  the  DSC  runs 
the  char  residue  was  weighed,  and  the  yields  in  char  and  volatile 
products  were  estimated.  The  set-up  of  the  DSC  devices  used  for 
experimental  runs  do  not  allow  the  separate  determination  of 
the  yields  in  gaseous  and  liquid  products  among  volatile  species. 
It  should  also  be  remarked  that  the  heating  rates  allowable  in  TG 


Table  1 

Proximate  analysis  of  the  biomass  samples  used  in  the  present  study. 


Biomass 

wt%  Dry  basis 

wt%  As  received 

Volatile  matter 

Fixed  carbon 

Ash 

Moisture 

Volatile  matter 

Fixed  carbon 

Ash 

Corn  stalks 

77.7 

16.0 

6.3 

3.3 

75.2 

15.4 

6.1 

Poplar 

81.8 

14.8 

3.4 

2.2 

80.0 

14.4 

3.3 

Switchgrass  “Alamo” 

79.3 

12.1 

6.7 

3.0 

77.0 

11.8 

8.3 

Switchgrass  “Trailblazer” 

64.1 

8.6 

27.3 

3.4 

61.9 

8.3 

26.4 
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and  DSC  devices,  used  in  the  present  study,  only  allow  the 
reproduction  of  slow  pyrolysis  conditions. 


3.  Results  and  discussions 

A  preliminary  characterization  of  the  pyrolysis  behavior  of  the 
four  biomass  crops  selected  in  the  present  study  was  carried  out 
at  atmospheric  pressure.  Fig.  2  reports  the  weight  loss  (TG),  the  dif¬ 
ferential  weight  loss  (dTG)  and  the  raw  heat  flow  curves  from  DSC 
experiments  obtained  using  a  pure  nitrogen  purge  flow  and  a  con¬ 
stant  heating  rate  of  10  °C/min.  As  expected,  Fig.  2  evidences  that 
the  main  peaks  of  the  dTG  and  DSC  curves  are  almost  at  the  same 
temperature  and  that  thermal  effects  of  the  pyrolysis  process  at 


atmospheric  pressure  are  endothermic,  except  those  from  corn 
stalks.  Table  2  summarizes  the  char  yields  and  the  characteristic 
temperatures  of  the  pyrolysis  process  identified  for  the  four 
biomass  samples.  Char  yield  is  defined  as: 


_  char  Wash 

^ daf~  m0-mash 


where  m0  is  the  initial  sample  weight  (after  drying  at  1 10  °C),  mchar 
is  the  final  weight  of  the  sample  at  the  end  of  the  constant  heating 
rate  ramp  in  nitrogen  (550  °C),  and  maSh  is  the  weight  of  ashes  as 
detected  at  the  end  of  TG  runs  (950  °C).  As  evident  from  Fig.  2 
and  Table  2,  corn  stalks  also  evidence  the  highest  char  yield  and 
lowest  pyrolysis  temperatures.  On  the  other  hand,  poplar  and 
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Fig.  2.  TG,  dTG  and  DSC  results  at  atmospheric  pressure  for  corn  stalks  (a),  poplar  (b),  switchgrass  “Alamo”  (c)  and  switchgrass  “Trailblazer”  (d).  Initial  sample  weight  of 
about  8  mg  was  used  in  all  experimental  runs. 


280 


L.  Basile  et  al./Fuel  137  (2014)  277-284 


Table  2 

Char  yield,  maximum  decomposition  rate  and  temperature  at  maximum  decomposition  rate  for  the  pyrolysis  at  atmospheric  pressure  of  the  four  biomass  crops  considered  (initial 
sample  weight  of  about  8  mg). 


Biomass 

Char  yield  up  to  550  °C  (%  daf) 

Maximum  decomposition  rate  (wt%  daf/min) 

Temperature  at  maximum  decomposition  rate  (°C) 

Corn  stalks 

23.8 

8.89 

320 

Poplar 

19.8 

9.36 

349 

Switchgrass  “Alamo” 

17.6 

6.96 

349 

Switchgrass  “Trailblazer” 

11.5 

5.59 

355 

switchgrass  Alamo  yield  similar  quantities  of  char  and  show  the 
same  temperature  for  the  main  peak  in  the  dTG  curve. 

The  influence  of  pressure  on  the  thermal  effects  of  the  pyrolysis 
process  was  then  analyzed,  carrying  out  experimental  runs  at  0.5, 
1,  2  and  4  MPa.  Fig.  3  reports  an  example  of  the  raw  results 
obtained  for  poplar  (10  °C/min  constant  heating  rate,  pure  nitrogen 
purge  gas  flow).  The  figure  clearly  evidences  a  modification  in  the 
DSC  curve  as  the  operating  pressure  is  increased. 

In  order  to  assess  the  influence  of  pressure  on  the  thermal 
effects,  it  is  necessary  to  obtain  quantitative  data  for  the  heat  of 
pyrolysis  from  the  raw  DSC  curves  reported  in  Figs.  2  and  3.  In  par¬ 
ticular,  it  is  necessary  to  separate  the  contribution  of  the  pyrolysis 
reaction  process  from  other  thermal  effects  recorded  by  the  DSC 
device.  Actually  the  experimental  curves  obtained  in  a  DSC  analysis 
result  from  several  contributions,  some  depending  on  the  thermal 
behavior  of  the  sample  (heat  capacity  of  the  sample,  latent  heat  of 
evaporation  of  volatile  components,  heat  of  primary  pyrolysis,  heat 
of  secondary  reactions)  and  some  due  to  the  experimental  setup 
(asymmetric  radiative  heat  exchange  between  the  sample  and 
the  DSC  cell  due  to  the  change  in  the  surface  emissivity  of  the  bio¬ 
mass)  [23  .  The  approach  of  Rath  et  al.  [17],  briefly  summarized  in 
the  following,  was  used  to  obtain  quantitative  data  for  the  heat  of 
reaction  from  the  DSC  curves. 

The  effect  of  heat  capacity  of  the  sample  ( Qsh )  can  be  isolated  by 
calculating  a  theoretical  heat  flow  curve  for  sample  heating  from 
the  data  on  the  specific  heat  of  biomass  and  char  available  in  the 
literature  [24-26  : 


where  m0  and  CPtbio  are  respectively  the  initial  sample  weight  and 
heat  capacity,  mChar  and  CPiChar  are  respectively  the  final  weight 
and  heat  capacity  of  the  final  solid  residue  (called  “char”  in  the  fol¬ 
lowing  discussion),  T  is  the  temperature,  andX(T)  is  a  dimensionless 
sample  conversion  defined  as: 


=  mp-mr 
m0  -  mchar 


where  mT  is  the  sample  weight  at  temperature  T.  The  values  of  cPthio 
and  cPtChar  can  be  experimentally  measured  or  derived  from  generic 
correlations.  In  the  present  study  the  correlations  proposed  by 


Temperature  (°C) 

Fig.  3.  DSC  raw  data  for  poplar,  10  °C/min,  nitrogen  purge  gas,  initial  sample  weight 
of  8  mg. 


Koufopanos  et  al.  [27  were  used  in  the  calculations.  The  contribu¬ 
tion  of  asymmetric  radiative  heat  exchange  was  evaluated  from  the 
DSC  run.  Since  the  experimental  heat  flow  of  the  second  run  carried 
out  on  char  (Odw)  can  be  considered  the  sum  of  the  sensible  heat  of 
the  char  and  of  the  asymmetric  radiative  heat  exchange  [17],  it  is 
possible  to  calculate  the  radiative  heat  flow  ( Qrad )  as  the  difference 
between  the  experimental  DSC  curve  obtained  from  the  char  after 
the  pyrolysis  run  (see  Section  2)  and  the  heat  flow  needed  to  heat 
the  char,  calculated  on  the  basis  of  char  specific  heat  [23  . 

The  heat  flow  due  to  the  pyrolysis  process  (Qr)  may  thus  be 
obtained  subtracting  the  radiation  effect  {Qrad)  and  the  contribu¬ 
tion  of  heat  capacity  (Qs/J  from  the  experimental  heat  flow  curve 
recorded  for  the  biomass  sample  (Q^p): 

Q-r  =  Q.exp  -  Qrad.  ~  Qsh  (4) 

The  total  heat  requirement  associated  to  the  pyrolysis  process  is 
then  calculated  by  numerical  integration  as: 

l  rTf 

HP  =  —  /  QrdT  (5) 

mo 

where  T,  and  Tf  are  the  initial  and  final  temperatures  of  the  decom¬ 
position  process.  The  values  of  these  temperatures  depend  on  the 
biomass  type  and  were  evaluated  from  the  dTG  curve  as  the  end¬ 
points  of  the  temperature  interval  for  which  the  dTG  value  equals 
-0.5%/min.  Reproducibility  of  heat  flow  data  obtained  by  this  pro¬ 
cedure  evidenced  that  maximum  error  in  the  final  heat  flow  values 
was  always  lower  than  1 0%. 

Fig.  4  compares  the  curves  obtained  for  the  reaction  heat  (Qr)  at 
different  operating  pressures.  As  evident  from  the  figure,  the  tem¬ 
perature  range  of  the  pyrolysis  process  and  the  peak  temperature 
in  the  heat  flow  during  the  pyrolysis  process  are  not  dependent 
on  pressure.  This  result  suggests  that  when  open  DSC  crucibles 
are  used,  as  in  the  present  study,  the  pyrolysis  kinetics  is  not 
enhanced  as  when  closed  crucibles  are  used,  confirming  the  find¬ 
ings  of  Mok  et  al.  [28-30]. 

Nevertheless,  Fig.  4  confirms  that  pressure  has  a  strong  influ¬ 
ence  on  the  thermal  effects  of  the  pyrolysis  process  for  all  the  four 
biomass  samples  considered.  As  shown  in  fable  3,  increasing  the 
pressure  a  clear  decrease  in  the  heat  demand  of  the  pyrolysis  pro¬ 
cess  can  be  observed  for  all  the  materials.  When  increasing  the 
pressure  from  0.1  MPa  to  4  MPa,  the  total  heat  of  pyrolysis  shifts 
from  -50J/g  to  -272  J/g  for  corn  stalks,  from  29  J/g  to  -283  J/g 
for  poplar,  from  37  J/g  to  -199  J/g  for  switchgrass  Alamo,  and  from 
92  J/g  to  -210  J/g  for  switchgrass  trailblazer  (negative  values  are 
used  for  exothermic  processes).  In  the  case  of  switchgrass  Trail- 
blazer,  the  change  is  so  significant  that  a  shift  from  an  overall 
endothermic  to  an  overall  exothermic  process  takes  place.  In  the 
case  of  corn  stalks,  the  pyrolysis  process  is  exothermic  even  at 
atmospheric  pressure,  but  the  results  in  Fig.  4  show  that  the  heat 
generation  in  the  process  increases  as  well. 

For  the  sake  of  clarity  it  should  be  remarked  that  the  different 
heat  demand  of  the  pyrolysis  process  for  different  biomass  species, 
ranging  from  exothermic  to  endothermic  at  atmospheric  pressure, 
was  previously  reported  in  the  literature  (e.g.  see  the  studies  of 
Stenseng  et  al.  [31],  Strezov  et  al.  [32],  and  Di  Blasi  et  al.  [33]). 
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Fig.  4.  Heat  flow  due  to  the  pyrolysis  process  (Qr)  at  different  pressure  for  corn  stalks  (a),  poplar  (b),  switchgrass  Alamo  (c)  and  switchgrass  Trailblazer  (d).  Conditions:  Pure 
nitrogen,  10  °C/min,  crucibles  without  lids. 


Table  3 

Overall  heat  demand  of  the  pyrolysis  process  obtained  for  the  four  biomass  samples 
considered  at  different  operating  pressures  (initial  sample  weight  of  about  8  mg). 
Negative  values  of  the  heat  requirement  correspond  to  an  exothermic  behavior. 


Biomass 

Pressure  (bar) 

Char  yield 
(%  daf) 

Heat  requirement, 

Hp  (J/g  ash-free  mass) 

Corn  stalks 

40 

28.4 

-272 

Corn  stalks 

20 

28.5 

-229 

Corn  stalks 

10 

27.5 

-171 

Corn  stalks 

5 

26.3 

-118 

Corn  stalks 

1 

23.8 

-50 

Poplar 

40 

30.7 

-283 

Poplar 

20 

28.2 

-272 

Poplar 

10 

26.0 

-191 

Poplar 

5 

22.1 

-71 

Poplar 

1 

17.3 

29 

Switchgrass  Alamo 

40 

27.3 

-199 

Switchgrass  Alamo 

20 

26.4 

-203 

Switchgrass  Alamo 

10 

23.2 

-134 

Switchgrass  Alamo 

5 

21.4 

-40 

Switchgrass  Alamo 

1 

15.1 

37 

Switchgrass  Trailblazer 

40 

28.5 

-210 

Switchgrass  Trailblazer 

20 

29.2 

-212 

Switchgrass  Trailblazer 

10 

26.3 

-123 

Switchgrass  Trailblazer 

5 

21.8 

-21 

Switchgrass  Trailblazer 

1 

19.1 

92 

The  differences  were  attributed  to  the  different  chemical  composi¬ 
tion  of  the  biomass  species,  and  in  particular  to  their  different  con¬ 
tent  in  extractives,  hemicellulose  and  lignin  [22,34-38]. 

The  pressure  has  a  strong  influence  also  on  the  yields  of  char,  as 
evident  from  the  data  in  Table  3  reporting  the  overall  heat  of  reac¬ 
tion  from  the  pressurized  DSC  tests  and  the  residual  char  yield. 
Increasing  the  operating  pressure  an  evident  increase  in  the  total 
yield  of  char  can  be  observed.  The  char  yield  increases  from  24% 
to  28%  for  corn  stalks,  from  17%  to  31%  for  poplar,  from  15%  to 


27%  for  switchgrass  Alamo  and  from  19%  to  29%  for  switchgrass 
trailblazer.  These  results  confirm  the  findings  of  Mok  and  Antal 
[12,16],  that  report  that  increasing  the  pressure  from  0.1  to 
2.5  MPa  causes  the  pyrolysis  process  of  biomass  to  shift  from  endo¬ 
thermic  (heat  requirement  of  about  230  J /g)  to  exothermic  (heat 
generation  of  about  — 1 30  J/g),  with  char  yield  increasing  from 
12%  to  22%. 

The  influence  of  pressure  on  the  heat  requirement  of  the  pyro¬ 
lysis  process  can  be  explained  by  the  inhibition  of  the  evaporation 
processes  of  high  molecular  weight  products  formed  in  the  pri¬ 
mary  pyrolysis  process,  and,  as  a  consequence,  by  the  promotion 
of  exothermic  secondary  reactions  of  the  primary  pyrolysis  prod¬ 
ucts.  Exothermic  secondary  reactions  of  tar  vapors,  both  homoge¬ 
neous  and  heterogeneous,  include  processes  such  as  cracking, 
partial  oxidation,  re-polymerization  and  condensation 
[16,22,27,34,38-44  .  A  detailed  discussion  of  such  reaction  pro¬ 
cesses  is  out  of  the  scope  of  the  present  study.  Further  details  are 
provided  in  several  literature  publications,  e.g.  in  the  comprehen¬ 
sive  studies  of  Ranzi  et  al.  [45  ,  Di  Blasi  34,39],  and  Ahuja  et  al. 
[19]. 

The  influence  of  operating  conditions  on  the  heat  of  pyrolysis 
recorded  at  atmospheric  pressure  was  reported  in  previous  studies, 
and  was  attributed  to  the  influence  of  transport  phenomena  affect¬ 
ing  the  residence  time  of  volatiles  in  the  solid  substrate 
[19,22,34,46-48  .  Several  studies  suggest  that  while  the  primary 
pyrolysis  process  is  endothermic,  secondary  reactions  of  volatiles 
may  be  highly  exothermic  [17,18,20,31,49,50  .  Actually,  higher 
pressures  limit  mass  transfer,  thus  providing  a  higher  residence 
time  in  the  porous  solid  substrate  of  the  volatile  products  from  pri¬ 
mary  thermal  degradation  reactions.  The  highly  reactive  tarry 
vapors  at  high  pressure  have  lower  specific  volumes.  Consequently, 
their  intra-particle  residence  time  is  prolonged.  Thus,  the  partial 
pressure  of  the  tarry  vapor  is  higher,  increasing  the  rate  of  the  sec¬ 
ondary  exothermic  decomposition  reactions  [51  .  These  effects  can 
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be  emphasized  when  the  flow  of  gas  through  the  particle  bed  is 
small,  as  is  the  case  at  high  pressure  [12,16,51  .  Furthermore,  the 
formation  of  secondary  carbon  from  the  tarry  vapor  is  catalyzed 
by  the  charcoal  [52,53  .  Molecular  diffusivities  are  also  affected 
by  increasing  pressure  and  can  limit  the  outflow  of  the  tarry  vapor 
from  the  solid  particle  [54]. 

In  Fig.  5  the  values  calculated  for  the  total  heat  of  pyrolysis  were 
plotted  as  a  function  of  the  operating  pressure.  As  shown  in  the  fig¬ 
ure,  the  heat  of  pyrolysis  decreases  as  the  pressure  increases,  with 
an  almost  linear  slope  between  0.1  and  1  MPa.  However,  a  plateau 
appears  at  pressures  higher  than  1  MPa.  Although  a  number  of  fac¬ 
tors  may  justify  the  results  obtained,  it  is  interesting  to  notice  that 
such  behavior  may  be  in  accordance  with  a  Langmuir  adsorption 
model  of  the  volatiles,  suggesting  that  adsorption  equilibria  may 
play  a  role  in  the  immobilization  of  the  volatile  compounds 
responsible  of  the  secondary  reactions. 

Assuming,  for  the  sake  of  simplicity,  that  volatiles  generated  in 
the  primary  pyrolysis  process  may  be  considered  as  a  single 
pseudocomponent,  a  phenomenological  description  of  the  immo¬ 
bilization  of  the  volatiles  in  the  solid  can  be  most  simply  obtained 
by  a  Langmuir  adsorption  model.  The  Langmuir  isotherm  relates 
the  adsorption  of  molecules  on  a  solid  surface  to  the  pressure  of 
the  absorbed  gas  at  a  fixed  temperature: 


V 


1  +  UPv 


where  6V  is  the  fraction  of  volatile  products  adsorbed  on  the  surface 
of  the  solid,  pv  is  the  partial  pressure  of  the  adsorbate  (the  volatile 
pseudocomponent)  in  the  gas  phase  and  a  is  the  Langmuir  adsorp¬ 
tion  constant. 

Several  literature  results  allow  assuming  that  the  measured 
heat  of  reaction  can  be  considered  as  the  sum  of  two  contributions, 
one  due  to  the  heat  required  for  the  primary  degradation  of  the 
biomass  (endothermic)  and  a  second  due  to  the  secondary 


reactions  of  volatiles  (exothermic)  [17,18,20,31,49,50].  If  second¬ 
ary  reactions  of  volatiles  are  assumed  to  be  dependent  on  the  frac¬ 
tion  of  volatile  matter  in  the  solid,  the  total  heat  of  reaction  can  be 
expressed  as: 

HP  =  Hx  +  H2fiv  (7) 


where  Hi  is  the  heat  due  to  the  primary  degradation  of  biomass  and 
H2  is  the  heat  due  to  the  secondary  reactions  of  volatiles,  both 
assumed  as  independent  on  pressure,  and  # v  is  the  overall  amount 
of  pseudo-component  available  for  the  secondary  reaction.  Assum¬ 
ing  that  the  contribution  over  the  entire  degradation  range  of  a 
dynamic  adsorption-desorption  equilibrium  between  the  vapor- 
phase  and  the  surface  of  the  solid  can  be  still  described  by  a  corre¬ 
lation  similar  to  Eqs.  (6)  and  (7)  can  be  written  as: 


Hx  +H2 


«yT 

1  +  ayvP 


where  yv  is  the  molar  fraction  of  the  volatile  pseudocomponent,  and 
P  is  the  total  pressure  of  the  system.  The  values  of  Hlt  H2  and  the 
product  ayv  are  averaged  values  for  the  overall  degradation,  which 
were  calculated  by  experimental  data  fitting.  The  best-fit  parame¬ 
ters  calculated  from  experimental  runs  are  reported  in  Table  4, 
while  Fig.  5  shows  the  results  obtained  applying  Eq.  (8)  to  calculate 
the  heat  of  pyrolysis  using  the  best-fit  parameters  of  Table  4.  The 


Table  4 

Best-fit  parameters  for  Eq.  (8)  calculated  from  experimental  runs. 


Biomass 

Hi 

h2 

ccyt 

Corn  stalks 

-23 

-338 

0.777 

Poplar 

68 

-442 

0.976 

Switchgrass  “Alamo” 

89 

-352 

1.70 

Switchgrass  “Trailblazer” 

147 

-482 

1.27 

Fig.  5.  Dependency  of  heat  of  reaction  from  the  pressure  for  corn  stalks  (a),  poplar  (b),  switchgrass  Alamo  (c)  and  switchgrass  Trailblazer  (d).  Conditions:  Pure  nitrogen,  10  °C/ 
min,  crucibles  without  lids.  Heat  of  pyrolysis  curves  were  calculated  by  Eq.  (8)  using  the  best-fit  parameters  reported  in  Table  4. 
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figure  shows  that  Eq.  (8)  provides  a  reasonable  fitting  of  the  trend 
recorded  for  the  heat  of  pyrolysis  with  respect  to  operating  pres¬ 
sure.  Moreover,  the  presence  of  the  plateau  at  higher  operating 
pressures  also  seems  to  find  a  justification,  since  at  higher  pressures 
the  number  of  molecules  adsorbed  increase  to  the  point  at  which 
further  adsorption  is  hindered  by  lack  of  space  on  the  adsorbent 
surface.  Clearly  enough,  the  simplified  model  presented  here  sup¬ 
ports  only  a  phenomenological  interpretation  of  the  effect  of  pres¬ 
sure  on  the  material  degradation,  and  is  not  introduced  to  provide 
a  detailed  description  of  the  complex  mechanism  underlying  sec¬ 
ondary  char  formation  [19,22,48,51,54  .  Nevertheless,  the  impor¬ 
tant  role  of  secondary  gas-solid  interactions  on  the  overall  heat 
demand  of  the  pyrolysis  process  seems  to  be  confirmed  by  the 
above  findings.  The  total  heat  of  reaction  changes  with  the  pressure 
as  described  by  the  adsorption  model.  This  supports  the  hypothesis 
that  total  heat  of  pyrolysis  is  influenced  by  the  secondary  reactions 
occurring  between  the  volatiles  adsorbed  and  the  primary  char. 

In  order  to  verify  the  strong  correlation  between  char  yield  and 
heat  of  pyrolysis,  an  additional  set  of  experimental  DSC  runs  was 
carried  out  at  atmospheric  pressure,  varying  the  initial  weight  of 
the  sample  in  the  range  between  3  and  13  mg.  The  effect  of  the  ini¬ 
tial  sample  mass  on  secondary  reactions  has  been  a  focal  point  of 
recent  studies  [55,56  .  Clearly  enough,  the  initial  sample  mass 
may  affect  the  mass  transfer  process,  increasing  the  residence  time 
of  volatiles  in  the  solid  substrate  and  enhancing  secondary  reac¬ 
tions.  Fig.  6  shows  the  data  obtained  for  the  heat  requirement  of 
the  pyrolysis  process  plotted  with  respect  to  the  final  char  yield 
measured  at  the  end  of  the  DSC  run.  The  figure  evidences  that  a 
very  similar  trend  to  that  obtained  for  experimental  runs  at  differ¬ 
ent  pressures  is  obtained.  The  trend  is  in  agreement  with  previous 
results  reported  by  Mok  et  al.  [16]  and  by  Antal  and  Gronli  [51]. 
These  findings  further  support  the  assumption  that  exothermic 
interactions  among  primary  volatiles  and  residual  solid  leading 
to  secondary  char  formation  can  strongly  influence  the  overall 


Char  yield  (%daf) 


thermal  effects  of  the  pyrolysis  process,  as  observed  in  previous 
studies  [16,18]. 

It  is  interesting  to  compare  the  results  reported  in  Fig.  6  on  bio¬ 
mass  samples  to  those  obtained  by  Mok  et  al.  [16],  that  explored 
the  effect  of  pressure  on  the  heat  demand  of  the  pyrolysis  process 
of  cellulose  samples.  Fig.  7  reports  a  comparison  of  the  overall  heat 
demand  with  respect  to  char  yield  obtained  in  the  present  study 
for  biomass  samples  and  by  Mok  et  al.  [16]  for  cellulose.  As  shown 
in  the  figure,  a  very  similar  trend  is  found  for  the  heat  demand  with 
respect  to  the  char  yield.  However  an  evident  offset  is  present,  and 
the  overall  values  of  the  heat  demand  at  a  given  char  yield  seem  to 
be  lower  for  pure  cellulose  with  respect  to  those  of  the  biomass 
samples  considered  in  the  present  study.  Although  the  differences 
may  origin  from  the  different  experimental  conditions  adopted,  the 
results  confirm  that  the  presence  of  lignin  may  highly  influence  the 
char  yield  and  the  heat  demand  of  the  primary  pyrolysis,  as 
reported  in  several  previous  publications  [34-38]. 


Fig.  7.  Comparison  of  the  results  obtained  for  the  heat  demand  of  the  pyrolysis 
process  of  cellulose  [16]  with  those  obtained  in  the  present  study. 


Char  yield  (%daf) 


Fig.  6.  Correlation  of  heat  of  reaction  with  final  char  yield  for  different  operating  pressures  and  different  initial  sample  weight  for  corn  stalks  (a),  poplar  (b),  switchgrass 
Alamo  (c)  and  switchgrass  Trailblazer  (d).  Conditions:  Pure  nitrogen,  10  °C/min,  crucibles  without  lids. 
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4.  Conclusions 

The  thermal  effects  of  the  pyrolysis  process  were  investigated 
for  four  energy  crops.  The  results  evidence  that  an  increase  in 
the  operating  pressure  reduces  the  heat  requirements  of  the  pyro¬ 
lysis  process,  and  the  heat  of  pyrolysis  reactions  may  shift  from 
endothermic  to  exothermic.  The  heat  of  reaction  as  a  function  of 
pressure  was  shown  to  fit  a  Langmuir  adsorption  curve.  The  results 
suggest  that  the  role  of  exothermic  secondary  reactions  and  the 
inhibition  of  the  evaporation  of  high  molecular  weight  compounds 
formed  in  the  primary  pyrolysis  process  may  be  among  the  main 
factors  affecting  the  heat  demand  of  the  overall  pyrolysis  process. 
To  confirm  this  assumption,  a  strong  correlation  was  found 
between  the  final  char  yield  and  the  overall  reaction  heat.  The 
results  obtained  represent  a  further  element  towards  the  thorough 
understanding  of  biomass  pyrolysis  processes,  that  are  a  key-step 
in  the  thermal  conversion  of  biomass  substrates. 
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